Beginning in the 1930s and continuing through the 1970s, rhesus macaques and patas monkeys were introduced to presumed secure locations, primarily coastal islets, in Puerto Rico. Escapes into the wild began almost immediately after introduction. Today the combined range of the two species covers approximately 600 km 2 of southwestern Puerto Rico, where serious conflicts with agricultural interests have resulted. The Puerto Rico Department of Agriculture surveyed about 90% of commercial farmers in the range of the monkeys to begin quantifying damage by monkeys and the associated economic losses during the years [2002][2003][2004][2005][2006]. During that time, total economic losses by commercial farmers to monkeys increased from $1.13 million USD to over $1.46 million per year. Of these amounts, the economic losses due to farmers avoiding monkey damage by switching from fruit and vegetable crops to less rewarding land use (primarily hay or pastureland) increased from $490,000 to $1.33 million per year. The losses reported from the survey represent only a portion of economic losses to the invasive monkeys. Subsistence and other smaller farms and agriculture were not included in the survey. We also discuss many other economic issues surrounding the impacts of the invasive monkeys, but for which sufficient data are not available for economic analyses. These include concerns such as destruction of native (especially endangered) wildlife, threat of disease spread, and property damage, all of which would also have to be considered to fully evaluate invasive monkey economic impacts in Puerto Rico. Published by Elsevier Ltd.
Introduction
The notion of significant monkey damage to agricultural crops in the U.S. and its territories is novel because monkeys are not native there. An exception to this notion of no agricultural monkey damage in the U.S. now exists in Puerto Rico where two species of invasive, free-ranging monkeys are expanding their ranges in agriculturally productive southwestern Puerto Rico. Both species, rhesus macaques (Macaca mulatta) and patas monkeys (Erythrocebus patas) are well-known as crop raiders in their native ranges in Asia and Africa, respectively (e.g., Sekhar, 1998; Weladji and Tchamba, 2003) . Only a few studies have documented amounts and values of crop losses to these species in their native ranges, and we are aware of no such documentation for them as invasive species.
Monkeys were brought to a number of locations in southwestern Puerto Rico (mostly small islands along the southwest coast) for a variety of purposes. Escapees from these sites produced the wild invasive populations found today through a large area of southwestern Puerto Rico. The introduction of monkeys into Puerto Rico began in 1938 when 409 rhesus macaques from India were delivered to the 38.5 ha island of Cayo Santiago to study their free-ranging ecology (Rawlins and Kessler, 1986; Southwick, 1989) . The La Parguera primate breeding colony was established in 1961 on two islets along the southwestern coast of Puerto Rico to produce rhesus macaques for research purposes (Kerber et al., 1979) . In 1966, a population of 57 rhesus macaques was introduced on the island of Desecheo. The islets of Cueva and Guayacá n in La Parguera were stocked with macaques from Cayo Santiago and India (Gonzá lez-Martinez, 1995) . Beginning in 1971, patas monkeys from Nigeria were also released on Cueva, and in 1979 patas were added to the rhesus population on Guayacá n islet (Loy, 1989 ). In 1974 -1975 the Caribbean Primate Center supplemented the rhesus population, aiming for a population of 2000 (Phoebus et al., 1989) .
Little time had elapsed following the introductions before there was evidence that both rhesus and patas monkeys were escaping from the release sites (Gonzá lez-Martinez, 1996a,b) . When the La Parguera facilities were closed in 1982, approximately 54 patas were ''unaccounted for' ' (Gonzá lez-Martinez, 1998) . After 1979, when the rhesus monkeys were moved to another island in the United States, an U.S. Food and Drug Administration (FDA) report classified a total of 175 rhesus individuals as missing (Gonzá lezMartínez, 2006) .
In the early 1990s (1990) (1991) (1992) (1993) , Gonzá lez-Martinez (1998) estimated the size of the patas population on the Puerto Rico mainland to be approximately 120 individuals, with their distribution thought to be within a 125 km 2 area of southwestern Puerto
Rico (Gonzá lez-Martinez, 1998) . The population of the rhesus monkeys was estimated to be approximately 130 individuals (Gonzá lez-Martínez, 2006) . At the time, Gonzá lez-Martinez (1995) believed that the primates were not significantly impacting the environment, that agricultural damage was exaggerated, and that neither species of monkey could be eradicated. Nevertheless, Gonzá lez-Martinez (1995 , 1996a also clearly stated the potential for significant environmental and agricultural problems if invasive monkey populations increased in density and range. Today, invasive patas and rhesus monkey numbers are estimated to be much higher than in the early 1990s, with an approximate combined geographical range for the two species of 600 km 2 (Puerto Rico Department of Agriculture, unpublished data). Jensen et al. (2004) (Massanet and Chism, 2007) . As expected, conflicts with human interests have been increasing accordingly. Monkey damage to agricultural interests is a major facet of conflict. Here, we quantify the economic costs of the monkeys to commercial agriculture using a survey of commercial farmers in southwestern Puerto Rico. We also include a discussion of other, unquantified sources of economic impact from the monkeys.
Damage survey methods
A survey was conducted in November-December 2006 among commercial 217 farmers in southwestern Puerto Rico within the range of invasive rhesus macaques and patas monkeys. The survey was a 100% sample from the list of commercial farmers in that area that had sought any sort of financial assistance or incentives from the Puerto Rico Department of Agriculture (PRDA). The financial aid sought by the farmers typically included a range of purposes such as fertilizer purchases or salary support. The PRDA does not provide funds to compensate for monkey damage nor to implement monkey damage management practices, and there was no incentive for farmers to inaccurately report information. The survey included over 90% of the commercial farmers in the target area (PRDA, personal communication) .
The initial survey question asked farmers whether they had seen monkeys on their property. Further interview questions were only asked of those farmers having seen monkeys on their property. The next question asked those farmers if they had crops damaged by monkeys during [2002] [2003] [2004] [2005] [2006] . Farmers without monkey damage were asked no further questions. However, farmers having crop damage were asked for detailed information as to the amount of their losses during those years. They were asked to provide the crops damaged by monkeys and the amount of each crop lost for each year. Farmers with monkeys were also asked their annual expenditures on protecting their crops from monkeys, henceforth referred to as damage control costs. A further question asked farmers if they had switched crops or land use because of monkey damage. If so, they were asked for specifics for each year on the types and size (area) of crops they would have planted had it not been for monkey damage, and the land uses to which they switched.
PRDA statistics were used to apply standardized values for harvest sizes and values of crops. The price for each crop, as compiled by PRDA statistics, was averaged over the years [2002] [2003] [2004] [2005] [2006] . The average values for each crop were applied to the annual loss amounts to arrive at a dollar figure for losses for each crop on each farm each year. Total dollar losses for each crop across farms were accumulated each year, as well as the values of all crops lost across all farms each year. For calculating values lost by switching land uses from susceptible crops, PRDA average harvest statistics were first applied for the area of land on which those crops would have been grown, and the value of those projected harvests were also calculated using the average values as above. PRDA statistics on crop prices were also examined to evaluate whether downward trends existed that could be contributing factors in decisions to change land uses. The total cost from invasive monkey impacts on crops was calculated as the total value of actual monkey damage, plus the total value for losses from switching from susceptible crops, plus total damage control expenditures, minus the total value of the land use substituted for those crops discontinued due to monkey damage. Thus, for each year from 2002 to 2006, information was obtained by crop for the value of actual monkey damage, the losses from discontinuation of growing a crop, the values of the substituted land uses, and expenditures on damage prevention measures.
We considered a variety of other sources of economic impact from invasive monkeys, but neither data sources nor means to practically collect the data were available. These other impacts, in need of analyses and discussed later, include damage to small plot farmers and gardeners, damage to natural resources (especially endangered species), property damage, and disease transmission to humans, domestic animals and wildlife.
Results
Monkeys were widely dispersed across the commercial farms in southwest Puerto Rico, as 135 of the 217 (62%) commercial farmers reported they had seen monkeys on their property. When they were shown photographs of the two species, 99% identified the patas monkeys. Only 21 of those farmers (16%) having seen monkeys on their property also observed crop damage. However, monkey damage was often severe for those farmers who reported crop damage. Over half of the farmers (57%, 12 of 21) reporting monkey damage made either a total or partial switch from crops damaged by monkeys to alternative crops or different land uses. Farmers primarily switched to pastureland or hay harvest from fruit and vegetable crops as a result of monkey damage, with most farmers having made their switches prior to 2004. Nine of the 12 farmers (75%) that changed growing practices due to monkey damage completely quit growing those crops and switched to pastureland or growing hay. Five of the 21 (24%) farmers with monkey damage reported expenditures for damage control and those expenditures were miniscule compared to crop losses (Table 4) .
By far, the greatest losses due to monkeys were to pumpkin crops, followed by watermelon, corn, cucumber, banana, papaya, and plantain (Table 1) . Similarly, losses due to switching land use were led by pumpkins, followed by corn, watermelon, and papaya (Table 2) . Considering prices increased from 2002 to 2006 for all crops damaged by monkeys, and the alternate land uses were typically of much less value than the crop they were substituting, it is unlikely that farmers felt compelled to switch from the susceptible crops due to market forces.
The actual amount of crops lost directly to monkeys declined annually from over $600K in 2002 to about $300K by 2005 and 2006 (Table 1) . Most of this decrease in actual damage losses can be attributed to changes in agricultural practices to avoid crops susceptible to monkey damage. Consequently, the amount of losses based on changing land use to avoid monkey damage increased dramatically from almost a half million dollars in 2002 to over $1.3 million by 2004, a level at which it has remained since ( Table 2) . Overall, losses due to monkey damage, directly or from the threat of monkey damage, increased from over $1. (Table 5 ), indicating that the land use switches were due to monkey losses rather than market forces. That there are few practical and legal means to effectively protect crops from monkeys is reflected in the relatively small expenditures on damage control methods (Table 4) . Hence, the net losses due to monkeys were only slightly less than the total loss figures.
Discussion

Values of crops lost to monkeys
Total economic losses to commercial farmers from invasive monkeys were estimated from $1.13 million USD to $1.46 million per year from 2002 to 2006. These figures are undoubtedly conservative for total monkey damage to human interests, but also for agricultural losses, given the specific focus of the study. We have only considered the economic costs from invasive monkeys to the commercial farmers of Puerto Rico. Small plot farmers and gardeners were not included in the survey. Another consideration making the identified losses conservative is that multiple harvests per year are possible in Puerto Rico for pumpkin, watermelon, corn, and cucumber, but we only treated losses due to switching crops as single harvest crops. Therefore, if even a fraction of the farmers avoiding susceptible crops would have been considered to have had multiple harvests had they not changed land uses, then the value of the losses would have increased substantially. Thus, crop losses to monkeys identified by this study represent a minimum level for economic impacts to agriculture in Puerto Rico. Even given their conservative nature, the identified losses are substantive and likely to grow as monkey populations increase in number and range.
It was not surprising to us that the majority of the losses were inflicted by patas monkeys. This species prefers open savannas habitats, which predominate in southwestern Puerto Rico, and from which croplands were primarily derived and adjoin. However, we speculate that as both species expand their ranges towards the forested hills and mountains to the north, the patas monkeys may be deterred by the increasingly heavily forested habitats, but the rhesus monkeys would thrive. We expect that if monkey range expansions are permitted to reach these areas, the rhesus macaques will dominate the agricultural damage there through depredations in fruit crops. Moreover, should information become available for the other forms of current damage discussed in following subsections, the rhesus macaques likely would predominate the damage to native wildlife, property, and through disease transmission.
Other economic impacts from invasive monkeys
Impacts to natural resources
Monkeys also harm native species in Puerto Rico, including species listed as threatened or endangered (USDA et al., 2008) . Introduced rhesus monkey populations on Desecheo appear to have significantly impacted nesting colonies of red-footed booby (Sula sula), brown booby (Sula leucogaster), noddy tern (Anous stolidus), and bridled tern (Sternus anaethetus) (Evans, 1989; Raffaele, 1989) . There also is evidence that monkeys are depredating nests of the endangered yellow-shouldered blackbirds (Agelaius xanthomus) on the Puerto Rico mainland (R. Ló pez-Ortiz, DNER, pers. comm.). DNER biologists believe that in less than a week in June 2002, monkeys destroyed the contents of 30 yellowshouldered blackbird nests (built in artificial nest structures) monitored by researchers in the Boqueró n State Forest (R. Ló pezOrtiz, DNER, pers. comm.). Should monkeys expand their range to the forests of northeastern Puerto Rico, they might have severe effects on the wild population of Puerto Rican parrots, one of the ten most endangered birds in the world (U.S. Fish and Wildlife Service , 1999; Engeman et al., 2006) . Were specific data available to quantify losses of threatened and endangered wildlife to monkeys, those losses could be monetarily valued by various means (e.g., Engeman et al., 2004) , and the resulting information could be used in economic analyses to characterize the benefit-costs of monkey damage management for endangered species conservation.
Property damage
Currently, damage to property from invasive monkeys in Puerto Rico is not well documented and is likely limited to isolated incidents where monkeys cause damage while searching for food, or through such means as automobile accidents incurred while avoiding a collision with a monkey. Monkeys in Puerto Rico have not yet formed a commensal relationship with humans such as commonly found with rhesus monkeys in their native India. However, as the monkey populations in Puerto Rico continue to increase, they may form a more commensal relationship with humans. As populations expand near residential areas, there is potential for people to begin feeding monkeys, thereby conditioning them to associate people with the feeding (USDA et al., 2008) . This association can lead to attacks on people and damage to property as monkeys search for food in residential areas.
Disease transmission
Another significant concern, with accompanying economic ramifications, is the increasing potential for disease transmission from monkeys to humans in Puerto Rico. In particular, herpes B-virus (Cercopithecine herpesvirus) is highly prevalent among free-ranging rhesus macaques in Puerto Rico. B-virus is a alphaherpesvirus enzootic in the genus Macaca, which includes the rhesus monkey. B-virus exhibits mild effects in macaque hosts but is 70% fatal when contracted by humans, with survivors often having moderate to severe neurologic impairment (Palmer, 1987; Huff and Barry, 2003; Jensen et al., 2004) . In 1967, 82% of rhesus monkeys sampled in Cayo Santiago were seropositive for the B-virus (Kessler and Hilliard, 1990) , a finding consistent with the general data that indicate a high rate of B-virus infection in adult rhesus monkeys ranging from 74% to 100% (Orcutt et al., 1976; Weigler, 1992) . Cohen et al. (2002) recommend all macaques be treated as potentially infectious.
Human exposures will likely increase as the expanding monkey populations in Puerto Rico result in increasing numbers of people encountering monkeys with a corresponding increase in the possibility of disease transmission. Increasing crop damage has led to an increasing chance of disease exposure through damage management efforts (USDA et al., 2008) . There are also reports of increased illegal trapping of monkeys for sale as exotic pets, which could also increase the possibility of exposure (Jensen et al., 2004) . Ostrowski et al. (1998) state that contact between humans and free-ranging macaques cannot be safely controlled. Underscoring the seriousness of the potential problem, a mass exposure to a B-virus positive rhesus monkey has already taken place in Puerto Rico. During an accident involving an automobile and an adult male rhesus monkey, 25 emergency personnel were exposed to blood and other bodily fluids of the monkey, which later tested positive for B-virus antibodies (Cercopithecine herpesvirus) (Jensen et al., 2004) . No emergency personnel contracted B-virus, but all personnel indicated they were unaware of the disease risks associated with monkeys in Puerto Rico (Jensen et al., 2004) . Even if disease transmission does not occur, there can be significant medical costs associated with the exposure (e.g., Shwiff et al., 2007) In addition to B-virus, monkeys have been known to transmit numerous other diseases to humans (Wolfe et al., 1998) . Rabies is ubiquitous in Puerto Rico (Blanton et al., 2007) and could be a serious health risk if monkeys begin invading urban areas. The Indian mongoose (Herpestus auropunctatus) is the primary source of rabies in Puerto Rico. Interactions between monkeys and mongooses in Puerto Rico could lead to exposure of monkeys to the virus. This probably would not occur to the extent that rabies therefore would be a controlling factor for overall monkey populations. However, monkeys are a source for exposure and transmission of rabies to humans in many places around the world (e.g., Wilde et al., 1990; Pandey et al., 2002; Tefera et al., 2002; Chhabra et al., 2004; Pfukenyi et al., 2009) . Rabies could become prevalent in an exposed group or clan of monkeys, which in turn could lead to human or domestic animal exposure through contact with monkeys, especially if monkey populations continue to increase and become commensal with humans (USDA et al., 2008) .
Human exposure to wildlife transmitted diseases especially potentially fatal diseases, has been shown to hold costly medical expenses. For example, Shwiff et al. (2007) found there were direct and indirect costs associated with human exposure to rabies. Direct costs included immediate wound treatment (e.g. emergency room visits) and post-exposure prophylaxis (PEP). Indirect costs included over-the-counter medicines, travel costs to and from medical treatments, day care and others. The indirect costs associated with this wildlife transmitted disease were found to comprise approximately 1/3 of the total cost. Expenditures to prevent or reduce transmission of zoonotic diseases from wildlife to humans can prevent additional costs while offering future savings in excess of prevention measures. For example, oral rabies vaccination (ORV) programs designed to prevent the spread of rabies in wildlife can be costly, but the savings associated with reduced PEP treatments and animal testing usually justify expenditures (Shwiff et al., 2008) . Efforts to prevent the spread of monkeys to protect agriculture would also serve to reduce the threat and associated costs from disease transmission.
Conclusions
Crop losses to commercial farmers in Puerto Rico due to monkeys (particularly patas monkeys) are substantial and likely to increase without significant intervention to manage monkey populations. Wide-scale coordinated efforts to manage monkey populations have not been in effect, although capture and removal of monkeys take place in localized circumstances. The losses reported here define a lower bound for the negative economic impacts from invasive monkeys in Puerto Rico. As other impacts are further identified and measured, the economic costs from these monkeys in Puerto Rico could be severe. Elimination of an incipient population of an invasive species is accomplished far more easily and cost-effectively than a population that has been allowed to grow and spread. Invasive monkeys in Puerto Rico could have been eliminated fairly efficiently in the early 1990s when their populations occupied around 125 km 2 . Now a far greater effort will be needed to hold the line in their advances in number and range, let alone reduce their populations, or even eradicate them. If the problem is allowed to persist, the difficulties in management will be magnified many fold and losses could well be incalculable.
